PACS 75.50.Lk -Spin glasses and other random magnets PACS 75.10.Nr -Spin-glass and other random models PACS 75.40.Cx -Static properties Abstract -We here confirm the occurrence of spin glass phase transition and extract estimates of associated critical exponents of a highly monodisperse and densely compacted system of bare maghemite nanoparticles. This system has earlier been found to behave like an archetypal spin glass, with e.g. a sharp transition from paramagnetic to non-equilibrium behavior, suggesting that this system undergoes a spin-glass phase transition at a relatively high temperature, Tg ∼ 140 K.
Introduction. -Spin glasses remain omnipresent in Condensed Matter Physics and there have been many recent experimental and theoretical studies trying to understand and explain the physical properties of spin glasses [1] or the glassy phases exhibited by some functional materials [2] . It has also been found that by increasing the magnetic interaction between magnetic nanoparticles, i.e. between superspins comprising hundreds or thousands of atomic spins, the usual superparamagnetic response of the system is slowed down into spin glass like dynamics [3] . Interestingly, in spite of displaying spin-glass features such as ageing, memory and rejuvenation [1] , those superspin glasses have qualitatively different dynamical properties. The temperature onset of non-equilibrium dynamics is not as sharp as in atomic systems, and the dynamics itself seems less sensitive to temperature [3, 4] .
An extremely monodisperse system of bare maghemite γ-Fe 2 O 3 nanoparticles (average diameter ∼ 8 nm) was compacted into a dense disc with a filling factor of 67 % and structurally characterised in detail [5] . The magnetic response of the disc was also investigated, and it was suggested from dynamical scaling analysis that the system undergoes a spin-glass phase transition near T g ∼ 140 K. In the present letter, we investigate the effect of an applied magnetic field on the dynamic and static response of the material. A static scaling analysis of the non-linear susceptibility data confirms the spin glass phase transition and yields estimates of the critical exponents associated with the transition.
Experimental. -The volume ac-susceptibility χ of the disc was recorded as a function of temperature T or dc magnetic field H on a Superconducting Quantum Interference Device (SQUID) magnetometer from Quantum Design Inc. The in-phase χ ′ (T, f ) and out-of-phase χ ′′ (T, f ) components of the susceptibility were recorded using different amplitudes of the ac-excitation field h, while the frequency f was fixed to 170 Hz.
Results and discussion. -The dependence of the ac-susceptibility on the amplitude of the ac-excitation h and a superimposed dc magnetic field H near the proposed spin-glass phase transition temperature is shown in Fig. 1 . As seen in the top panel of the figure, a linear magnetic response of the system is observed up to ac-excitations of 4 Oe (∼ 320 A/m) [7] . Interestingly, this response is very sensitive to superimposed dc-fields, as illustrated in the lower panels of Fig. 1 . A small bias dc-field H = 3 Oe (∼ 240 A/m) is enough to affect the ac-susceptibility. In H = 1000 Oe (∼ 80 kA/m), no dissipation appears in the investigated temperature interval. A similar sensitivity to superposed dc-fields has been observed in other superspin glasses [4] , while the application of larger magnetic fields p-1 tends to be necessary to influence the ac-susceptibility of (atomic) spin glasses [8] .
In order to extract the non-linear susceptibility of the material and investigate its divergence [9, 10] , the acsusceptibility was measured as a function of dc bias field at temperatures well above the freezing temperature, below which the system is out of equilibrium. The freezing temperature T f (f = 170 Hz) ∼ 165 K is derived from the data presented in the upper panels of Fig. 1 in the same way as in the dynamical scaling analysis reported in ref. [5] . Figure 2 shows the field dependence of both components of the susceptibilty for various temperatures, ranging from about 1.2 to 1.9 T f . As expected and required there is no finite out-of phase component of the ac-susceptibility in this temperature region and no dynamical effects contribute to the measured response. The magnetisation M in a spin glass can be expressed as M = χ 1 H + χ nl . χ 1 is the linear susceptibility and χ nl the non-linear susceptibility, which includes the higher order terms: χ nl = χ 3 H 3 + χ 5 H 5 + .... In a spin glass all the non-linear terms (χ i , i > 1) diverge at T g [11] . Hence the study of the divergence of the non-linear susceptibility can prove (or disprove) the occurrence of a spin glass phase transition. Rather than measuring those higher harmonics directly, it is convenient to extract the non-linear susceptibility data χ nl = χ 1 − M/H from dc M versus H [12] or ac-χ versus H [9, 13] measurements. We can thus plot the data shown in Fig. 2 as χ ′ nl = χ(H = 0)−χ versus H (in this temperature region, χ ′ = χ). This is shown in the upper panel of Fig. 3 . From this plot, one can extract the lowest order term of the non linear susceptibility χ 3 for the various temperatures considered. It can be shown that for the smallest bias fields (still much larger than the amplitude of the ac-excitation h), χ ′ nl ∼ −3χ 3 H 2 [10] . The obtained χ 3 (T ) data can be scaled with the reduced temperature ǫ = (T − T g )/T g as χ 3 ∝ ǫ −γ [11] , as in the inset of Fig. 3 , evidencing the divergence of χ 3 at T g = 140 K. The scaling yields for the spin glass susceptibility exponent γ (thus defined as χ ∝ ǫ −γ ) a value of 2.5 ± 0.5. [10] , XY-like Eu0.5Sr1.5MnO4 [13] , and Ising-like Fe0.5Mn0.5TiO3 [9] spin glasses, interacting Fe-C nanoparticle system behaving as a superspin glass (SSG) [15] , the present super superspin glass (SSSG) system. There are several critical exponents describing the second-order phase transition such as the magnetisation exponent β (M ∝ −ǫ β ) or heat capacity exponent (C ∝ ǫ −α ). The complete non-linear susceptibility curves can be scaled in the critical region as χ nl = p-2 Phase transition in a super superspin glass
where G is a functional form [11] . A relatively good collapse of the χ nl (T, H) data may be obtained using T g = 140 K and γ = 2.5, yielding β = 0.2 ± 0.1. That scaling, like the power law dependence of χ 3 on the reduced temperature, evidences the divergence of the spin glass susceptibility and the phase transition, in spite of the relatively large uncertainties on γ and β. Typical values for those exponents are listed in Table 1 . There is a relatively large variation of the various values reported in the literature, and in the table we have selected values which were obtained from static scaling analysis, that have been performed under correct conditions as regard temperature and magnetic field (critical regime) [14, 15] . It is seen that the values of the exponents obtained in the present case are similar to those reported on atomic spin glasses. Interestingly, it has also been found that the dynamical properties of the system are more similar to those of atomic spin glasses than those of superspin glasses (weakly accumulative ageing / significant rejuvenation) [5] .
Conclusion. -We have confirmed the existence of a spin glass phase transition in our densely compacted maghemite nanoparticle system. Hence remarkably, this system of superspins behaves like an archetypal spin glass, composed of atomic spins. This suggests that this "super superspin glass" could be used as a model system to test spin glass theories. Since the glassiness sets in at relatively large temperatures (∼ 140 K) and the system is quite sensitive to magnetic field, in-field dynamical scaling experiments [8] , or detailed studies of the memory/rejuvenation phenomena [16] could readily be performed to increase our understanding of the spin glass phase.
